Hydrogen, as a high-quality clean and renewable energy resource, is increasingly considered as one of the most promising candidates for the fuel of the future [1, 2] .
Hydrogen evolution reaction (HER) in aqueous solution is one of the most often studied electrode reactions [3, 4] .
During the last decades, it has been well established that (HER) occurs via two successive elementary events. The initial discharge of hydrogen ions to adsorbed monoatomic hydrogen (equation 1) [5] . (1) (2) (3) It is well known that water electrolysis is an important technique for hydrogen generation [6] . Although, water electrolysis is not the cheapest method of hydrogen production, it supplies hydrogen of a very high purity in large quantity. Unfortunately, the high energy consumption mainly caused by HER overpotential restrains its application at the present days [7] . One proposed alternative to solve this problem is to use noble metals (such as Pt, Au) as cathode materials for the HER [8] . However, these metals are not only expensive, actually the platinum and gold worldwide reserves are limited [9] .
On the other hand, other metallic electrodes such as steels are commonly employed for water electrolysis but these are very susceptible to corrosion effects and consequently their life time is decreased [1] . In this sense, other authors have proposed the use of new and cheap cathode materials resistant to corrosion, for example: the aluminum, Inconel alloys and glassy carbon, however the latter has a very low electrical conductivity, therefore the energy consumption is high [5] . Furthermore, the temperature is one of the variables that strongly affects the corrosion behavior of metallic materials and is widely studied in corrosion investigations and for that reason this variable is also studied in this research [10] [11] [12] [13] [14] [15] .
Another alternative to reduce the corrosion effects relies on the protection of steel cathodes against corrosion employing the iron 114 and zinc phosphatizing process [16] . Therefore, this research studied the effect of iron and manganese phosphate coatings on steel on the HER mechanism and kinetics. It was also evaluated the effect of the manganese ion on the HER.
For that reason, the main objective of this research was to understand the nature of HER on different phosphatizing solutions, to determine the different potential regions and solution conditions for carrying out the HER with different phosphatized cathodes.
Steel disk electrodes of 10 mm diameter and 0.8 mm thick were prepared with the chemical composition given in Table 1 . The sample was mounted in a Teflon support using silver paint connected to a copper wire as an electrical conductor.
The steel samples were conditioned in different ways to be used later in the electrochemical tests: linear polarization (Tafel curves) using the following procedures:
Samples tested were polished to a mirror like finish. Initially, samples were ground on SiC paper of various grain sizes followed by a polishing with Al 2 O 3 powder of 0.1 microns and then washed with alcohol. Finally, the samples were glued to a Teflon support using silver paint.
All samples after pre-treatment were immediately phosphatized by immersion in different phosphatizing solutions.
Different phosphatizing solutions were tested, which were prepared with phosphoric Acid (85.8 %, J. T. Baker) metallic manganese (99.99 %, Aldrich), Nitric Acid (65.7 %, J. T. Baker), Sodium Hydroxide (97%, J.T. Baker) and distilled water (Jalmek). These solutions were prepared varying the concentrations of H 3 PO 4 and Mn with and without the presence of catalyst (HNO 3 ) at 25, 50, 80 and 90 °C. Table 2 shows in detail the conditions of the various solutions studied:
It is worth to mention that the phosphatizing solutions A and B were used in order to produce the iron phosphate coating on the steel disk electrode. On the other hand, Solution C was employed to generate an iron phosphate coating on the steel with the presence of Mn ion in solution. Finally Solution D was used to form the manganese phosphate coating on the steel disk electrode. These solutions were employed in order to study the effect of the phosphatizing solution (varying acidity with and without the presence of Mn ions or HNO 3 as catalyst), temperature and type of coating (iron or manganese phosphate) on the hydrogen evolution reaction kinetics.
The phosphatizing and the HER tests were carried out in a conventional three electrodes electrochemical cell (see Figure 1) . The cell consisted of a 250 mL round-bottomed flask, instrumented with a thermometer, a Ag/AgCl reference electrode (Thermo Scientific Orion) in contact with the solution through a Luggin capillary, a high purity graphite rod (Alfa Aesar) as a counter electrode and a port to place the working electrode (steel sample). The electrochemical cell was placed in a heating mantle.
The procedure used to study the phosphatizing process along with the HER was as follows: the prepared phosphatizing solution was placed (200 mL) in the electrochemical cell (Figure 1 ), then the solution was heated to the desired temperature (from 25 to 90 °C), once the thermal equilibrium was reached, the working electrode was immersed (steel sample) and connected to the potentiostat PGZ301 (VoltaLab). Polarization curves were recorded in the cathodic direction every four minutes during 24 min of the immersion process. The linear polarization curves were performed, sweeping the potential at 10mV·s -1 from -700 mV to 50 mV vs Ag/AgCl at different temperatures. In order to study the HER kinetics, data obtained from E vs. i (current vs. potential) curves in the cathodic direction were converted to E vs log i, better known as Tafel curves. The corrosion potential (E corr ) was also calculated in the different acid solutions H 3 PO 4 using the VoltaMaster software.
At the end, the phosphatized steel sample was withdrawn (working electrode), rinsed with distilled water and then it was morphologically and chemically characterized by the Scanning Electron Microscopy (SEM) technique (Phillips, Model: XL30ESEM) taking secondary electron images and X-ray energy dispersion spectroscopy (EDXS) respectively.
As was mentioned before, the polarization behavior of hydrogen evolution reaction was studied on all cathodes (steel coated with iron or manganese phosphate) employing a three electrodes electrochemical cell; varying acidity, temperature and composition in the phosphatizing solution. It is also shown the polarization behavior on the steel cathodes in the presence of manganese ions. Before presenting the results it is important to show the shape of the expected polarization curves. Figure 2 shows a typical polarization curve, or complete Tafel plot with the anodic and cathodic Tafel slopes.
The Tafel slope (b') obtained in a polarization curve corresponds basically to three types of processes, which represent a controlling discharge reaction: barrierless with (α=1), ordinary discharge with (α=0.5) and activationless discharge with (α=0) [5, 9] .
The physical meaning of these types of processes relies on the magnitude of the activation energy in the discharge reaction, in other words when the activationless process occurs (α=0), it indicates that the activation energy for the electrochemical reaction is the smallest possible, which means in kinetic terms that the reaction occurs at the fastest rate [5, 17] . It is interesting to note, that the charge transfer coefficients remain almost constant during the 24 min of the phosphatizing process in a range from 0.16 to 0.26. These charge transfer coefficients are representative of an activationless process (α→0), suggesting a low activation energy for the HER.
Experimental polarization curves for the hydrogen evolution reaction at different acidity (0.47 and 0.94 M H 3 PO 4 ) and temperature are shown in Figure 4 and 6 respectively. Figure 4 shows the cathodic polarization curves for a 0.47 M H 3 PO 4 solution at 25°C, 50°C, 80°C, 90°C (Figures 4A, 4B, 4C, and 4D, respectively) this polarization curves were registered every 4 min during 24 min of immersion. Figure 4A shows that the HER kinetics was slow at time 0 due to the steel surface was clean (without any layer on it) and when the immersion time passed the hydrogen production rate raised due to the formation of an iron phosphate coating on the steel and this type of coating favors the HER kinetics. For example this behavior can be observed in Figure 4A at a potential of -560mV vs Ag/AgCl where the current density is increased at higher processing times than 0 min. Furthermore the exchange current density (i 0 ) is increased while the phosphatizing process proceeds (see Table 3 ). On the other hand, it is worth to mention that the exchange current density can be also related to the steel corrosion rate; however, this is only possible to occur at the beginning of the phosphatizing process i.e. (at 0 min), where the steel corrosion takes place at the highest rate. The corrosion mechanism is shown in the next equations (see equation 5 and 6):
Oxidation of the iron contained in the steel (equation 5)
Protons reduction to molecular hydrogen (equation 6)
However the phosphatizing process begins almost immediately after the steel is corroded, according to Alvarado-Macías et al (2013) [16] . Therefore the increase found in the exchange current density at processing times bigger than 0 is related to the hydrogen production. (Table 3) .
Furthermore, Tafel slopes (b') in all cases are very similar (see Table 3A ), according to Fuentes-Aceituno and Lapidus (2012) [5] , this behavior suggests that the same type of HER mechanism is taking place, the most probable mechanism that is occurring in these type of systems can be a slow electrochemical recombination Table 3 . Kinetic parameters for the electrochemical recombination rate-controlling step, employing an aqueous 0.47M H 3 PO 4 solution. A) 25°C, B) 50°C, C) 80°C, D) 90°C. of monoatomic hydrogen to H 2 , representing the rate determining step of HER. On other hand, the temperature promotes an increase in the HER kinetics, this result was expected from the viewpoint of the electrochemical reactions kinetics theory, however it is worth to mention that the formation of the iron phosphate coating is accelerated at higher temperatures than 25ºC, for this reason, it is probable that the iron phosphate coating can accelerate the HER kinetics, it is clearly shown at 90°C ( Figure 4D ). Actually it requires low energy to carry out the HER, for example the cathodic potential was -500 mV vs Ag/AgCl at 16 min and 90°C, while at 25ºC and the same processing time, the potential corresponded to -560mV vs Ag/AgCl.
When the solution temperature was controlled at 50°C, the same phenomena were observed. However, some differences in the current density were elucidated, basically it was observed that the current incremented significantly in comparison with the other tested temperatures. Moreover, the exchange current density at this temperature was the highest (1.44 mA*cm -2 ), which means that the HER kinetics at this condition is favored (Table 3B) , these results are in good agreement with the findings reported by Guiñón-Pina et.al. [10] whom found that the temperature favors the HER in the cathodic direction using different steel alloys. It was mentioned before, that iron phosphate coatings are favored when the temperature is increased, and therefore this phenomenon at 50 ºC may be related to a different coating morphology obtained under this particular condition. On the other hand, when the temperature is increased the only possible reactions that can take place during the cathodic sweep, corresponds to the hydrogen evolution and the iron electrodeposition; however, according to the Pourbaix diagram reported by Alvarado-Macías et.al. [16] , the iron electrodeposition can only occur at more negative potentials than the hydrogen evolution reaction, therefore from a thermodynamic point of view, the hydrogen evolution reaction predominantly occurs.
On the other hand, when the acidity is increased to 0.94M, the charge transfer coefficient remains similar to an activationless process as can been seen in Figure 5 . Furthermore the Tafel slopes b' (see Table 4 ) are very similar to the 0.47M condition (Table 3) , therefore the electrochemical recombination of monoatomic hydrogen to H 2 is the rate determining step for the HER at 0.94M.
However, an increase in the H 3 PO 4 concentration promotes a higher current density for the HER than at 0.47M. This can be clearly seen in Figure 6A at -560 mV vs Ag/AgCl. For example, the current density increased around 0.35mA·cm -2 at the beginning of the phosphatizing process, in comparison with the Figure 4A at -560 mV, where the current density was around 0.10mA·cm -2 . Furthermore the exchange current densities for this acid concentration at different temperatures were higher (see Table 4 ) than the 0.47M concentration (see Table 3 ). It was also observed that the current density was favored when the temperature was raised up to 90ºC. Figure 6 shows the cathodic polarization curves for the four tested temperatures, it is possible to see in all immersion times at 50°C and -570 mV vs Ag/AgCl, the highest current density recorded was around 1.00mA·cm -2 , for that reason this temperature could be a good condition for improving the HER kinetics. However, when the temperature was increased to 90ºC, the potential or energy required to carry out the H 2 production is lowered (Fig 6D) .
Until this moment, it has been showed the effect of employing different phosphatizing solutions on the HER, and it was proposed the iron phosphate coatings as a detrimental factor to increase the hydrogen evolution reaction kinetics. Furthermore in the last Figures it was mentioned that the coating morphology plays an important role in the HER kinetics. Actually, Alvarado-Macías et al (2013) revealed a continuous change of the coating morphology during the immersion time, i.e. the layer nature can be porous or even uniform [16] .
As can be seen in Figure 7 , the morphology of the coating on the steel presents craters in the entire surface, which can be associated to the continuous evolution of hydrogen bubbles. The chemical composition also shows this coating is predominantly formed by iron phosphate with a small part of manganese and chrome. It is relevant to mention manganese and chrome are contained in the steel and not in the solutions of Figures 4 and 6 ; therefore, the EDXS analysis registered these chemical elements. Therefore, this micrograph can show that hydrogen can be produced on iron phosphate surfaces. Actually these results are in good agreement with the findings reported by Alvarado-Macías et.al. [16] .
On the other hand, the effect of Mn ions in solution was tested on the HER kinetics, using the same acidity 0.94 M H 3 PO 4 at pH 1 and 25 or 90ºC. Figure 8 , revealed similar charge transfer coefficients behaving as an activationaless process, which suggests low activation energy for the HER. The Tafel plots presented in Table 5 are characteristic for the same mechanism: the fast discharge of monoatomic hydrogen and a slow electrochemical recombination of H 2 . Figure 9 , shows the polarization curves for this manganese solution, the results revealed that Mn in solution had a catalytic effect on the hydrogen generation rate at room temperature and the coating formed on the steel was iron phosphate, actually when the temperature was increased up to 90°C the generation rate was favored. Furthermore the exchange current densities for these experiments (Table 5) were the highest when they are compared with that of Table 4 , i.e. without the presence of Mn in solution.
For that reason, a possible mechanism proposed is the next: the manganese ions acts as a catalyst for the HER production due to the Tafel slopes obtained in each experiment (at room temperature and 90°C) are similar to that obtained by Fuentes-Aceituno and Lapidus (2012) [5] , in this work the authors found a catalytic effect of the ferrous ions contained in acid solutions for the HER generation; it is important to remember that the chemical elements such as the Fe and Mn are transition metals and have similar chemical properties. Therefore, it is possible that Mn ions has the similar catalytic effect found with ferrous ions on the HER.
This catalytic effect can be clearly observed by comparing the cathodic polarization curves of the solution C at 25°C ( Figure 9A ) with the curves of the solution B at the same temperature ( Figure  6A ). For example, if the cathode potential is held at -520 mV vs Ag/AgCl, it can be observed an increment in the current density at 24 min, i.e. the Figure 6A has 0.75mA·cm -2 approximately; however in the presence of Mn in solution the current density was increased to 0.90mA·cm -2 ( Figure 9A ). It can be also observed at the end of the immersion time ( Figure 6A ), that the potential became more negative in comparison with that of Figure 9A and this represents a higher energy consumption to produce H 2 without manganese than with the presence of manganese ions. On the other hand, the catalytic effect of manganese ions on the HER kinetics can be also observed at 90ºC ( Figure 9B) . Actually, the current density recorded for a solution with manganese was higher than that for a solution without manganese, for example with a fixed potential of -520 mV vs Ag/AgCl and 12 min of immersion time, the current density was around 0.95mA·cm -2 (see Figure 6D ), on the other hand, the presence of manganese promotes an increase in the current value around 1.05mA·cm -2 (see Figure 9B ). sented more craters than that of Figure 7 , it is important to remember that the craters were related to the generation of hydrogen bubbles on the coating surface. Therefore, this Figure 10 , shows an increase in the number of craters or holes, so it is indicative the HER is promoted under this condition. In addition to the last, two different types of morphology are shown; 1) a porous layer and 2) a less porous uniform layer, probably these differences can be associated to the different composition of the iron phosphate layers. It is worth to mention that Mn was found in both EDXS analysis shown in Figure 10 ; this Mn as was mentioned before in Figure 7 can be related to the Mn contained in the steel sample.
Finally when the manganese phosphate coating was tested on steel, the results showed that the hydrogen generation was decreased considerably in comparison with the iron phosphate coatings. Figure 11 , displays the charge transfer coefficients for a phosphatizing solution containing 0.94M H 3 PO 4 , 0.6M Mn and 0.2M HNO 3 (as a catalyst for the manganese phosphate generation), it is interesting to note that the charge transfer coefficients were very similar to that of Figure 3 , 5 and 8, which are related to an activationless process. Actually the Tafel slopes recorded at different immersion times (Table 6) showed that a different HER mechanism is occurring at lower generation rates than with the iron phosphate coatings. Furthermore, it is possible to observe the current density decreased drastically during the immersion time (see Figure 12) , i.e. the current density was 0.6mA·cm -2 at -670 mV vs Ag/AgCl and 0 min, while at the end (20 min) the current reached a value of -0.1mA·cm -2 at -620 mV vs Ag/AgCl, this suggests that HER was inhibited. Actually the exchange current density at 12 and 20 minutes decreased greatly (Table 6) in comparison with any condition tested in this research. On the other hand, Figure 12 shows the necessity to apply a more negative potential to activate the HER than the other conditions showed in Figure 9B , indicating an increase in the energy consumption.
In this research, cathodic polarization experiments were performed in order to study the nature of the hydrogen evolution reaction mechanism on steel with different types of phosphatizing solutions by varying the acidity, temperature, immersion time, coating (iron or manganese phosphate) with or without Mn ions in solution.
The Tafel plots of the phosphatizing process revealed one electrical potential zone where the monoatomic hydrogen is recombined electrochemically to H 2 as the rate determining step, with charge transfer coefficients similar to an activationless process.
Another important factor in the HER kinetics is the temperature; it was found that an increase in temperature up to 90ºC helps to produce more hydrogen than at 25ºC. On the other hand, a temperature of 50°C employing either 0.47 or 0.94M H 3 PO 4 at pH 1 promotes an increase in the current density due to the formation of an iron phosphate coating on the steel cathode. The formation of FePO 4 on steel promotes the highest rate for the electrochemical recombination of monoatomic hydrogen to H 2 .
Furthermore an increase in the acidity causes a higher exchange current density that benefits the hydrogen generation rate. The microstructural characterizations revealed that the coating morphology is an important factor in the hydrogen generation, i.e. the HER is favored on the porous iron phosphate coatings.
On the other hand, it was found a catalytic effect on the hydro- gen generation rate at room temperature, when Mn ions were incorporated to the solution at pH 1. This catalytic effect is more efficient when the temperature was increased up to 90°C. Finally it was also observed that the manganese phosphate coating decreases the HER kinetics at pH 2.57 and 90ºC.
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